Rhesus monkey rhadinovirus (RRV) is a gamma-2 herpesvirus that exhibits a considerable degree of similarity to the human Kaposi's sarcoma-associated herpesvirus (KSHV). The R1 protein of RRV is distantly related to the K1 protein of KSHV, and R1, like K1, can contribute to cell growth transformation. In this study we analyzed the ability of the cytoplasmic tail of R1 to function as a signal transducer. The cytoplasmic domain of the R1 protein contains several tyrosine residues whose phosphorylation is induced in cells expressing Syk kinase. Expression of a CD8 chimera protein containing the extracellular and transmembrane domains of CD8 fused to the cytoplasmic domain of R1 mobilized intracellular calcium and induced cellular tyrosine phosphorylation in B cells upon stimulation with anti-CD8 antibody. None of the CD8-R1 cytoplasmic deletion mutants tested were able to mobilize intracellular calcium or to induce tyrosine phosphorylation to a significant extent upon addition of anti-CD8 antibody. Expression of wild-type R1 protein activated nuclear factor of activated T lymphocytes (NFAT) eightfold in B cells in the absence of antibody stimulation; expression of the CD8-R1C chimera strongly induced NFAT activity (60-fold) but only upon the addition of anti-CD8 antibody. We conclude that the cytoplasmic domain of R1 is capable of transducing signals that elicit B-lymphocyte activation events. The signal-inducing properties of R1 appear to be similar to those of K1 but differ in that the required sequences are distributed over a much longer stretch of the cytoplasmic domain (>150 amino acids). In addition, the induction of calcium mobilization was considerably longer in duration and stronger with R1 than with K1.
Src homology-2 (SH2) domains are present in a number of signal-transducing proteins including protein kinases, phosphatases, and phospholipases (6, 23, 24) . Sequences that bind to SH2 domains are characterized by phosphorylated tyrosine residues present in a variety of cellular signaling proteins such as lymphocyte receptors, adapter proteins, protein kinases, and transcription factors. The sequences containing these phosphorylated tyrosine residues are referred to as SH2 binding motifs and serve to recruit cellular proteins containing SH2 domains into lymphocyte receptor-mediated signaling complexes. SH2 binding motifs consist of a tyrosine residue followed by three amino acids, YXX(L/I/V), whose sequence is specific for binding a particular SH2 domain (23, 28) . These motifs can occur in either a singular or tandem fashion. Hematopoietic lymphocyte receptors including immunoglobulin-␣ (Ig␣), Ig␤, T-cell receptor-ε, IgE-␤, and IgE-␥ contain two such SH2 binding motifs in tandem, and this motif has been termed the immunoreceptor tyrosine-based activation motif (ITAM) (3, 4, 13, 16, 32, 33) . The archetypal ITAM consists of a stretch of negatively charged amino acids preceding the two tyrosine-containing sequences: (D/E)X 7 (D/E)X 2 YX 2 LX 7-10 YX 2 L/I, where X is any amino acid. In B cells, T cells, and mast cells, the ITAMs have been shown to be critical for interactions with Src family (Src, Lyn, Blk, Lck, and Fyn) and Syk family (Syk and Zap70) kinases (16, 19, 29) . The antigen binding site of the B-cell receptor (BCR) is a membrane-bound Ig that is noncovalently attached to a disulfidelinked Ig␣-Ig␤ heterodimer that serves as the major signaling component of the BCR complex. In the resting state of B cells, the Src family of protein tyrosine kinases is associated with the Ig␣ subunit of the Ig␣-Ig␤ heterodimer. Binding of antigen to the membrane Ig results in a higher affinity of the Src kinase family members for the BCR, leading to the phosphorylation of the tyrosine residues present in the ITAMs of the Ig␣ and Ig␤ subunits. This in turn recruits the Syk family of protein kinases to the BCR complex in a manner that is SH2 domain dependent. The immediate effect is an activated receptor complex that provides binding sites for signal adapter and transducer proteins that initiate a signal cascade leading to proliferation and differentiation of the B cell.
Kaposi's sarcoma-associated herpesvirus (KSHV), also called Human herpesvirus 8, has been consistently identified in Kaposi's sarcomas, body cavity-based lymphomas, and some forms of multicentric Castleman's disease (7, 14, 25, 26, 30) . Recently a new herpesvirus called Rhesus monkey rhadinovirus (RRV), which is closely related to but distinct from KSHV, has been isolated from rhesus monkeys (10) . RRV is the closest known relative of KSHV on the basis of sequence similarities and structural organization of the genomes (1, 27) . Similar to KSHV, RRV has been shown to be present predominantly in B lymphocytes (22) . At a genomic location equivalent to that of the saimiri transforming protein (STP) of herpesvirus saimiri (HVS) and K1 of KSHV, we have identified a novel open reading frame called the R1 open reading frame at the left end of the RRV genome (9) . The R1 protein is a glycosylated transmembrane protein of approximately 70 kDa. Expression of R1 in rodent fibroblasts induces transformation, resulting in morphological changes and focus formation (9) . Injection of R1-expressing cells into nude mice induced the formation of multifocal, disseminated tumors (9) . A recombinant herpesvirus in which the STP oncogene of HVS was replaced with the R1 gene was capable of immortalizing T lymphocytes to interleukin-2-independent growth, further indicating the transforming potential of the R1 protein (9) . R1, like K1, has features of a receptor protein. While the predicted extracellular domain of R1 of RRV exhibits considerable homology and is similar in length to the extracellular domain of K1 of KSHV, the cytoplasmic domain of R1 is markedly different from that of K1. The K1 protein has a short cytoplasmic tail containing only 38 amino acids (20) . This short cytoplasmic tail has been shown to contain an ITAM that is capable of eliciting cellular signal transduction, evidenced by the induction of cellular tyrosine phosphorylation and calcium mobilization in B cells (17, 19) . In contrast, the R1 protein has a 171-amino-acid cytoplasmic tail. Unlike K1, which contains 2 tyrosine residues in a single ITAM sequence in its cytoplasmic tail, R1 contains a total of 13 tyrosine residues in its cytoplasmic domain. Five of these 13 tyrosines are present in contiguous YXXL ITAM-like sequences and are localized to a defined stretch proximal to the carboxyl terminus.
To investigate the potential signal-transducing activity of the cytoplasmic region of R1, we constructed a chimeric protein in which the cytoplasmic tail of the human CD8␣ polypeptide was replaced with that of R1. We demonstrate that expression of this chimera in B cells induced cellular tyrosine phosphorylation, intracellular calcium mobilization, and nuclear factor of activated T lymphocytes (NFAT) activity upon stimulation with an anti-CD8 antibody. Our results demonstrate that the cytoplasmic domain of the RRV transforming protein R1 is an efficient transducer of signals to elicit lymphocyte activation events.
MATERIALS AND METHODS

Plasmids.
The pFJ-R1 expression plasmid has been described previously (9) . For the CD8-R1 chimera proteins, the coding sequences for the cytoplasmic deletion mutants of R1 were cloned in-frame with those for the CD8 extracellular and transmembrane domains into the EcoRI-XbaI site of the pcDNA3-CD8⌬ vector, which contained the coding sequences for the CD8 extracellular and transmembrane domains inserted in the BglII and EcoRI sites. The R1 cytoplasmic deletions were obtained by PCR using EcoRI and XbaI containing primers. To facilitate detection, the CD8-R1 chimeras were tagged with the AU1 epitope (BAbCO) at the C-terminal end. PFJ-K1 has been described previously (19) . The NFAT-luciferase construct was obtained from Don Ganem. The Syk expression plasmid was provided by A. Veillette, and the Src expression plasmid was provided by T. M. Roberts.
Cell culture and transfection. Cos-1 cells and Rat-1 fibroblasts were grown in Dulbecco modified Eagle medium supplemented with 10% fetal calf serum (FCS). Calcium phosphate was used for transient transfection of Cos-1 cells. For Rat-1 fibroblasts stably expressing the R1 constructs, cells were transfected using Lipofectamine (Gibco-BRL) and stable transfectants were selected using 2 mg of geneticin per ml. BJAB cells were cultured in RPMI media containing 10% FCS. Ten micrograms of each CD8-R1 chimera plasmid was electroporated into BJAB cells at 200 V and 960 F in Optimem (Gibco-BRL) media. Forty-eight hours postelectroporation, cells were pelleted and transferred into RPMI media supplemented with geneticin (2 mg per ml) and cultured for 5 weeks. Cells were sorted by fluorescence-activated cell sorting (FACS).
FACS analysis. For FACS, 2 ϫ 10 7 B cells expressing chimera proteins were washed with Optimem and stained with phycoerythrin-conjugated CD8 antibody (Pharmingen) for 30 min at 4°C. Excess antibody was washed away, and cells were sorted based on CD8 expression using a FACSVantage (Becton Dickinson). After being sorted, cells were washed and cultured in complete RPMI media.
Calcium mobilization assay. Cells (10 6 ) were resuspended in 2 ml of complete RPMI medium and incubated with 1 M indo-1 for 20 min at 37°C. The cells were subsequently placed on ice till ready to be used. Five minutes prior to use, cells were warmed at 37°C and baseline calcium levels were read for 1 min. Cells were then stimulated with 10 g of anti-CD8 antibody, OKT8 (American Type Culture Collection), or anti-human IgM antibody (Upstate Biotechnology), and data were collected for 4 min for the IgM stimulation and 8 min for the OKT8 stimulation. A FACSVantage (Becton Dickinson) was used for data collection and analysis.
Antibody stimulation. Cells (10 6 ) were stimulated with 10 g of OKT8 antibody or anti-human IgM antibody, after which cells were flash frozen in liquid nitrogen and subsequently thawed and lysed in cold lysis buffer containing 1 mM Na 2 VO 3 and protease inhibitors. Cell lysates were used for immunoprecipitation and Western analysis.
Immunoprecipitation and immunoblotting. After transfection and antibody stimulation, cells were harvested and lysed in NP-40 lysis buffer (0.15 M NaCl, 50 mM Tris [pH 8], 1% NP-40) containing 1 mM Na 2 VO 3 , and protease inhibitors. Cellular debris was pelleted at 10,000 rpm for 10 min, and the supernatants were used for immunoprecipitation with the appropriate antibody and protein A/GSepharose beads (Santa Cruz Biotechnology). Immune complexes were pelleted and washed at least five times with lysis buffer. Complexes were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to nitrocellulose. Immunoblot detection was performed using the enhanced chemiluminescence ECL kit (Amersham).
For immunoprecipitations and immunoblotting, anti-AU1 antibody was obtained from BAbCO. Anti-Src and anti-Syk antibodies were obtained from Upstate Biotechnology. Anti-pTyr (4G10) primary antibody and horseradish peroxidase-conjugated antiphosphotyrosine (anti-pTyr) antibody was obtained from Upstate Biotechnology.
In vitro kinase assay. Coimmunoprecipitations were performed as described above. After being washed, the complexes were incubated with 5 Ci of [␥-
32 P]ATP in kinase buffer (50 mM Tris, 10 mM MgCl 2 , 10 mM CaCl 2 ) for 30 min at room temperature. At the end of the incubation, complexes were subjected to SDS-PAGE, and the gel was subsequently exposed to X-ray film.
Luciferase assays. Luciferase assays were performed by a method similar to the previously described protocol with a few modifications (18) . BJAB cells (10 6 ) were electroporated with 20 g of NFAT luciferase plasmid, 40 g of pFJ-R1 or pFJ-K1 plasmids, and 5 g of ␤-galactosidase expression plasmid. Cells were harvested 24 h posttransfection, and luciferase assays were performed using the luciferase assay kit from Promega. For the experiments involving antibody stimulation, BJAB cells were electroporated with the indicated plasmids and 24 h postelectroporation cells were pelleted and washed in serum-free media. Cells were incubated with anti-CD8 antibody for 5 min at 37°C and subsequently resuspended in 10 ml of medium and placed in the incubator. Aliquots of cells were removed at various time points, and luciferase assays were performed as described above.
RESULTS
R1 contains multiple YXXL motifs in its cytoplasmic domain.
The cytoplasmic domain of R1 contains several potential SH2 binding motifs (Fig. 1) . Analysis of the tyrosine residues and their surrounding sequences revealed similarities to sequences that are capable of binding the SH2 domains of signal transducer proteins. YXXA, YXXP, YXXT, and YXXV motifs have been shown to bind SH2 domains within proteins such as the Src family of kinases, Shc, Abl, Nck, and phosphatidylinositol 3-kinase (6, 29) . Five of the 13 tyrosines in the cytoplasmic domain of R1 have such a sequence (Fig. 1) . The five Cterminal tyrosines in R1 are present within YXXL sequences. Similar YXXL sequence elements have been previously shown to be important for the binding of B-cell-specific Syk kinase (16, 19, 29) . The third and fourth and fourth and fifth YXXL motifs resemble ITAMs in that they and the surrounding sequences are spaced in a fashion consistent with that of the ITAM consensus sequence, (D/E)X 7 (D/E)X 2 YX 2 LX 7-10 YX 2 L/I (Fig. 1) . 
Construction of CD8⌬-R1 chimeras.
The full-length R1 cytoplasmic domain (R1C) and deletion mutants derived from it were fused to the extracellular and transmembrane domains of CD8 in order to analyze the contributions of the various tyrosine-containing elements to B-cell signaling. Six CD8⌬-R1 chimera constructs were made (Fig. 2) . The cytoplasmic deletion mutations were selected based on the types of SH2 binding motifs present in the R1 cytoplasmic domain. The last five tyrosine residues in R1 are all present in YXXL motifs, and some or all could potentially function as ITAMs. Hence, this region was separated from the remaining portion which contains a more diverse set of tyrosine-containing motifs. CD8⌬-R1C represents the full-length R1 cytoplasmic tail extending from amino acids 253 to 423 fused to the CD8 extracellular domain and transmembrane region. CD8⌬-D1 contains the first 121 amino acids of the R1 cytoplasmic tail which includes 7 tyrosine residues, 2 of which are in YXXP sequences, 1 of which is in a YXXA sequence, and another of which is in a YXXT sequence. Such sequences have been previously shown to function as SH2 binding motifs and protein tyrosine kinase docking sites in T-cell receptors, BCRs, Epstein-Barr virus (EBV) LMP2A, and KSHV K1 (2, 3, 5, 8, 16, 18, 20, 23, 32, 33) . The CD8⌬-D4 construct has a stretch of 106 amino acids extending from the first tyrosine residue (amino acid 265) in the R1 cytoplasmic tail to amino acid 373, which is the amino acid preceding the start of the putative ITAMs in the R1 cytoplasmic domain. Hence, CD8⌬-D4 differs from CD8⌬-D1 in that it is missing amino acids 253 to 264, a region that is immediately adjacent to the R1 transmembrane domain. CD8⌬-D2 contains a short stretch of 13 amino acids in the R1 cytoplasmic tail and is devoid of any tyrosine residues. CD8⌬-D3 contains the five YXXL motifs present at the Cterminal end of R1. CD8⌬-D5 contains the same stretch of amino acids as CD8⌬-D2 in addition to the residues extending from amino acid 345 to amino acid 423. All chimera proteins, including CD8⌬-R1C, were tagged with the AU1 epitope at the C-terminal end.
In order to construct stable cell lines expressing the six CD8⌬-R1 chimera proteins, BJAB (EBV Ϫ KSHV Ϫ ) cells were electroporated with plasmids encoding the individual chimeras. pCDNA3 constructs containing CD8⌬, CD8⌬-R1C, CD8⌬-D1, CD8⌬-D2, CD8⌬-D3, CD8⌬-D4 and CD8⌬-D5 coding sequences were electroporated into BJAB cells, and neomycin-resistant cells were selected for 6 weeks. To further enrich for CD8 chimera-expressing cell lines, an anti-CD8 antibody was used to sort these cell lines by flow cytometry to obtain a population of cells, greater than 95% of which expressed the CD8⌬-R1 chimeric proteins. The CD8⌬-R1C cell line was sequentially sorted four times in order to obtain a Ͼ95% pure population of cells (data not shown).
The cytoplasmic tail of R1 can elicit a calcium response in B cells. Many B-and T-lymphocyte receptors, when activated by extracellular stimulation, are capable of transducing signals that cause the release of calcium from intracellular stores. Since R1 has several SH2 binding motifs, we tested the ability of the CD8⌬-R1 chimeras to induce intracellular calcium mobilization in B cells. BJAB cells expressing the chimeric proteins were individually stimulated with either anti-IgM antibody or anti-CD8 antibody, and levels of free intracellular calcium were monitored by flow cytometry (Fig. 3A) . All seven cell lines, CD8⌬, CD8⌬-R1C, CD8⌬-D1, CD8⌬-D2, CD8⌬-D3, CD8⌬-D4, and CD8⌬-D5 cells, were capable of inducing calcium when stimulated with an anti-IgM antibody, suggesting that these cells were similarly capable of eliciting intracellular calcium mobilization through the B-cell antigen receptor (Fig.  3A) . In order to test whether the cytoplasmic domain of R1 and the various deletion mutants could elicit calcium mobilization, we stimulated the BJAB cell lines expressing CD8-R1 chimeras with an anti-CD8 antibody. The CD8⌬, CD8⌬-D1, CD8⌬-D2, CD8⌬-D3, and CD8⌬-D4 cell lines exhibited little or no calcium mobilization upon stimulation with an anti-CD8 antibody as monitored by flow cytometry (Fig. 3A) . However, BJAB cells expressing the CD8⌬-R1C chimera did mobilize intracellular calcium, and there was a prolonged period of calcium release from intracellular stores that lasted more than 5 min (Fig. 3A) . This is in sharp contrast to the calcium response seen with the anti-IgM antibody, which peaked rapidly and returned to the basal level within a short period of time (Fig. 3A) . The calcium response of a CD8⌬-K1 cytoplasmic BJAB cell line (20) was also tested using the anti-CD8 antibody (Fig.  3A) , and the response was found to be similar in nature to that induced by anti-IgM antibody. The prolonged release of calcium observed in the CD8⌬-R1C cell line in response to anti-CD8 antibody suggests that the full-length cytoplasmic tail of R1 can transduce signals to elicit calcium mobilization. None of the other CD8⌬-R1 deletion mutants could mobilize calcium to a significant extent, including CD8⌬-D3 and CD8⌬-D5, which contain the putative ITAM-like sequences. However, all of the tyrosine-containing chimeras did show a very small increase in intracellular calcium levels, which were only slightly above baseline (Fig. 3A) . In order to determine the levels of CD8⌬ and CD8⌬-R1 chimeric tagged proteins expressed in the B-cell lines, protein extracts from B cells were separated by SDS-PAGE and Western blotting was performed using an anti-AU1 antibody. The data in Fig. 3B indicate that equivalent levels of CD8⌬ and CD8⌬-R1 chimera proteins were expressed in the stable cell lines. In addition, the failure of the deletion mutants to signal could not be explained by differences in the levels of surface expression of these proteins as measured by flow cytometry (data not shown). is responsible for the activation of NFAT in BJAB (EBV Ϫ ) and Raji (EBV ϩ ) cells. NFAT is a transcription factor that is present in both T and B lymphocytes (31) . We tested the ability of R1 to activate NFAT in BJAB cells using an NFAT-luciferase reporter construct (18) . BJAB cells were electroporated with the NFAT-luciferase reporter construct along with pFJ vector alone, pFJ-R1, or pFJ-K1 (Fig. 4A) , and cells were harvested 24 h posttransfection. A ␤-galactosidase expression plasmid was also included as a control for transfection efficiency. Figure 4A graphs the result of these experiments. We observed that R1 could activate NFAT eightfold with respect to the vector control and that K1 could activate NFAT sevenfold.
We subsequently tested the ability of the CD8⌬-R1 chimeras to induce NFAT activity in BJAB cells. We performed an experiment similar to that described above except that this time each CD8⌬-R1 chimera construct was electroporated into the B cells in lieu of the pFJ-R1 plasmid. Figure 4B demonstrates that none of the CD8⌬-R1 chimeras were able to induce a significant level of NFAT activity in these cells, including the CD8⌬-R1C chimera. We conducted an additional experiment in which each CD8⌬-R1 chimera plasmid was electroporated into BJAB cells and 24 h posttransfection these cells were incubated with an anti-CD8 antibody for different periods of time (for 12, 24, 36, and 48 h following addition of anti-CD8 antibody). The results are graphed in Fig. 4C . We observed that the CD8⌬-R1C chimera, upon stimulation with anti-CD8 antibody, could strongly induce NFAT activity in B cells. The effect of this activation peaked 24 h after the addition of the anti-CD8 antibody, inducing a 60-fold increase in the level of NFAT activity compared to that induced by the CD8⌬ chimera alone. Similar experiments conducted with the other CD8⌬-R1 deletion mutants showed them incapable of inducing NFAT activity even when incubated with the anti-CD8 antibody (data not shown). These results demonstrate that the CD8⌬-R1C chimera requires antibody stimulation to induce NFAT activity.
The cytoplasmic tail of R1 induces cellular phosphorylation. Calcium mobilization and NFAT activation are indicators of lymphocyte activation. The ability of the cytoplasmic tail of R1 to induce calcium mobilization prompted us to determine whether this event involved cellular tyrosine phosphorylation as is the case with BCR activation.
We stimulated the CD8⌬-R1C-expressing cell line with an anti-IgM or an anti-CD8 antibody and performed Western blot analysis with cellular extract using an anti-pTyr antibody. As shown in Fig. 5A , both the anti-IgM and anti-CD8 antibodies were capable of inducing tyrosine phosphorylation in the B-cell line compared to unstimulated cells. Cross-linking with the anti-CD8 antibody induced the phosphorylation of an additional 48-kDa protein, whose molecular mass correlates with that of the CD8⌬-R1C protein (Fig. 5A) . We next tested the abilities of the different R1 cytoplasmic deletion mutants to induce cellular tyrosine phosphorylation (Fig. 5B, top) . In contrast to what was seen for cells expressing CD8⌬-R1C, which showed a marked degree of cellular tyrosine phosphorylation upon stimulation with the anti-CD8 antibody, a very slight increase in tyrosine phosphorylation was seen with the CD8⌬-D1 and CD8⌬-D4 deletion mutants (Fig.  5B, top) . In order to control for the level of CD8⌬-R1 chimera expression, we reacted extracts from stimulated and unstimulated cells with an anti-AU1 antibody and observed that similar levels of chimeric proteins were expressed in these cells (Fig.  5B, bottom) . These results indicate that an intact cytoplasmic tail of the R1 protein is required not only for the calcium mobilization described above but also for the induction of tyrosine phosphorylation in cells, although the deletion mutants may exhibit partial function.
The wild-type CD8⌬-R1C cell line showed the presence of an ϳ70 kDa protein whose phosphorylation was increased upon antibody stimulation. The molecular mass of this protein corresponds with that of Syk kinase. In order to determine whether the hyperphosphorylated band represented phosphorylated Syk kinase, we performed immunoprecipitations using an anti-Syk antibody with the same extracts from anti-CD8-stimulated and unstimulated cells. The immunoprecipitated complexes were subjected to Western blot analysis using antipTyr antibody. Extracts from stimulated CD8⌬-R1C cells showed the presence of Syk kinase as a 70-kDa protein which was phosphorylated to a greater extent than Syk in unstimulated CD8⌬-R1C cells (Fig. 6 ). In addition, the stimulated CD8⌬-R1C cells showed a phosphorylated protein of ϳ50 kDa coimmunoprecipitating with Syk kinase. This protein corresponds in size to the CD8⌬-R1C chimera protein itself, suggesting that the phosphorylated full-length R1 cytoplasmic domain is complexed with phosphorylated Syk kinase when activated. The CD8⌬-D3 and CD8⌬-D4 immunoprecipitation complexes (Fig. 6 ) revealed a slight increase in the levels of phosphorylated Syk kinase compared to that of unstimulated cells.
Syk kinase can induce phosphorylation of R1. The above results indicated that the cytoplasmic domain of R1 is phosphorylated and raised the possibility that R1 may potentially be phosphorylated by a B-cell kinase. Since Syk is a major B-cell kinase, we conducted additional experiments to determine whether Syk kinase can induce phosphorylation of the R1 protein. Cos-1 cells were cotransfected with a Syk expression plasmid in the presence or absence of a vector expressing a C-terminal, AU1 epitope-tagged R1 protein (Fig. 7) . Fortyeight hours after transfection, lysates from transfected cells were reacted with anti-AU1 antibody and immune complexes were analyzed by SDS-PAGE, transferred to nitrocellulose, and reacted with a pTyr antibody. Tyrosine phosphorylation of a 70-kDa protein was detected only in cells transfected with Syk and R1 expression plasmids (Fig. 7A) . Since both Syk and R1 have an apparent molecular mass of 70 kDa, it is possible that both of these proteins were represented in the 70-kDa phosphorylated band. We also performed coimmunoprecipitations using an anti-pTyr antibody and a Western analysis with an anti-AU1 antibody to detect the presence of phosphorylated R1 protein. We observed that the R1 protein was tyrosine FIG. 6. Tyrosine phosphorylation of Syk kinase and CD8 chimeras. Shown is the induction of tyrosine phosphorylation by Syk kinase. The CD8-R1 chimera cell lines were incubated with (ϩ) or without (Ϫ) anti-CD8 antibody. Extracts were subjected to immunoprecipitation (I.P.) with an anti-Syk antibody (Ab), and immune complexes were resolved by gel electrophoresis and subjected to a Western blot analysis using an anti-pTyr antibody.
phosphorylated when Cos-1 cells were cotransfected with Syk expression and R1 expression plasmids (Fig. 7B ).
An in vitro kinase assay was performed using extracts from cells cotransfected with an R1 expression plasmid in the absence or presence of Syk kinase-or Src kinase-expressing plasmids (Fig. 8A) . Anti-AU1 immune complexes from these cells were washed extensively and incubated with [␥-
32 P]ATP. The in vitro kinase assay showed that a 70-kDa phosphorylated protein was specifically immunoprecipitated with the AU1 antibody (Fig. 8A) . In order to confirm that R1 was indeed phosphorylated in Syk kinase-expressing cells, we cotransfected Cos-1 cells with a Syk kinase expression vector and individual CD8⌬-R1 chimera expression plasmids. Figure 8B shows that Syk kinase induced phosphorylation of the CD8⌬-R1C protein as well as of the three other tyrosine-containing mutants, CD8⌬-D1, CD8⌬-D3, and CD8⌬-D4. Syk kinase could not induce phosphorylation of the CD8⌬-D2 mutant, which does not contain any tyrosine residues. These results show that the cytoplasmic domain of the R1 protein contains several phosphorylation sites whose phosphorylation is induced in cells expressing Syk kinase.
Syk kinase can interact with R1. To investigate whether the interaction between Syk and R1 is sufficiently stable to be detected by coimmunoprecipitation, Cos-1 cells were transfected with vectors expressing Src kinase or Syk kinase together with the AU1-tagged R1 gene, and immunoprecipitations were performed using an anti-Src or anti-Syk antibody. Immune complexes were resolved by SDS-PAGE, transferred to nitrocellulose, and reacted with the anti-AU1 epitope antibody. As shown in Fig. 9 , R1 was specifically coimmunoprecipitated with Syk kinase but not with Src kinase. The lower panel indicates that there was equal expression of Syk kinase and Src kinase in these cells. Thus, these data indicate that Syk kinase can interact with and induce phosphorylation of R1.
We compared the abilities of both Syk and Src kinases to phosphorylate RRV R1 and KSHV K1 proteins. Cos-1 cells were cotransfected with plasmids expressing R1 or K1 in the presence or absence of Src kinase or Syk kinase expression plasmids (Fig. 10) . The top panel represents an immunoblot of the corresponding cell extracts reacted with an anti-pTyr antibody and shows that Syk kinase can phosphorylate R1 to a greater extent than K1, whereas the levels of R1 and K1 phosphorylation induced by Src kinase are similar. The bottom panel represents the same reaction mixtures probed with an AU1 antibody and demonstrates that equivalent levels of K1 and R1 were expressed in these cells.
DISCUSSION
The R1 open reading frame, the first open reading frame of RRV, encodes a transmembrane protein predicted to contain an extracellular amino-terminal domain and a cytoplasmic carboxy-terminal domain. The extracellular domain of R1 is similar in length and sequence to that of KSHV K1 and shows homology to the Ig receptor superfamily. These properties suggest that R1, like other receptor proteins, may be capable of Our results demonstrate that upon cross-linking with an anti-CD8 antibody, B cells expressing a CD8⌬-R1C chimera protein containing the full-length cytoplasmic domain of R1 become fully activated, as indicated by the release of free calcium from intracellular stores. This event differs from that induced by BCR cross-linking by an anti-IgM antibody in that the release of free calcium is prolonged, lasting significantly longer than the BCR-induced response. Importantly, none of the R1 deletion mutants could elicit calcium mobilization to a significant degree. Mutants CD8⌬-D1 and CD8⌬-D4, which contain putative SH2 binding domains, as well as CD8⌬-D3, which contains putative ITAM-like sequences, showed only a marginal increase in calcium mobilization, suggesting that the release of calcium from intracellular stores is dependent on the full-length cytoplasmic tail. The fact that the CD8⌬-D3 mutant could not significantly mobilize calcium was surprising since it contains sequences that match well with the ITAM consensus. One possibility that we considered was that the CD8⌬-D3 mutant requires a linker sequence between the CD8 extracellular and transmembrane domains and the carboxy-terminal SH2 binding motifs in R1 in order to induce calcium mobilization. However, CD8⌬-D5, which contains such a linker sequence, was also incapable of eliciting a significant calcium response. Thus these data are supportive of the need for the full-length R1 cytoplasmic domain for calcium mobilization. The differences in the lengths of the R1 versus K1 cytoplasmic domains required to achieve calcium mobilization could possibly result from additional functions for R1 that remain to be determined or could reflect the fact that the K1 protein is more highly evolved. It seems likely that the amino acids that are required for calcium mobilization reside in two or more distinct domains in the R1 cytoplasmic tail and that proper folding of the cytoplasmic tail is needed to bring together disparate parts of the molecule.
In agreement with our calcium mobilization data, we have also observed that the R1 protein is capable of inducing NFAT activity eightfold in B lymphocytes. Both these events are indicative of B-cell activation. We determined that none of the CD8⌬-R1 chimera proteins could activate NFAT activity to a significant level in B cells by themselves, but upon addition of anti-CD8 antibody we observed a dramatic increase in the activation of NFAT by the CD8⌬-R1C chimera protein. This is suggestive of a role for the extracellular and transmembrane regions of the R1 protein for lymphocyte activation, in addition to that for a full-length cytoplasmic tail. The extracellular domain of the R1 protein may be binding a ligand present at least to some extent in the media or on the surfaces of B cells. Another possibility is that the extracellular and transmembrane domains of R1 may undergo self-oligomerization leading to the phosphorylation of the R1 cytoplasmic domain followed by B-cell activation events.
In agreement with the calcium mobilization assays, we observed that only the chimera with the full-length R1 cytoplasmic domain (CD8⌬-R1C) could induce a state of cellular phosphorylation in B cells. Cross-linking of the CD8⌬-R1C chimeric protein by an anti-CD8 antibody induced a pattern of tyrosine phosphorylation similar to that seen with BCR.
We detected complex formation between R1 and the major B-cell kinase, Syk. Although both Src and Syk kinase were capable of phosphorylating R1, only Syk kinase specifically interacted detectably with R1. The ability of Src kinase to phosphorylate R1 may be indirect. Syk induced the phosphorylation of the CD8⌬-R1C chimera. Syk also induced the phosphorylation of the deletion mutants CD8⌬-D1, CD8⌬-D3, and CD8⌬-D4, and these same mutants showed marginal responses in the calcium mobilization assay. Taken together, these data suggest that these mutants may exhibit partial function to a slight extent. In addition, stimulation of the CD8⌬-R1C cell line with an anti-CD8 antibody resulted in increased phosphorylation of Syk kinase indicative of the need for a full-length R1 cytoplasmic protein to elicit tyrosine phosphorylation in B cells.
The cytoplasmic tail of R1 is 170 amino acids in length and contains 13 tyrosine residues, 5 of which are part of YXXL motifs at the carboxyl-terminal end of the protein and match consensus sequences for ITAMs. Five of the other eight tyrosine residues could also potentially function as SH2 binding motifs since the associated sequences, YXXA, YXXP, YXXT, and YXXV, match sequences previously shown to bind SH2 domains. YXXA can bind Src, Lyn, Fyn, Shc, phosphatidylinositol 3 kinase, and phospholipase C␥ (28, 29) . YXXP has been shown to interact with Abl, Crk, and Nck SH2 binding domains (29) . Thus the R1 protein has rich potential for interacting with a number of different signal-transducing molecules. Nonetheless, our data have shown that one contiguous stretch containing seven tyrosines and a separate overlapping stretch containing seven different contiguous tyrosines are insufficient for a significant mobilization of calcium, induction of tyrosine phosphorylation, and NFAT activity.
Both RRV R1 and KSHV K1 have been shown to transform rodent fibroblasts, to substitute for STP in HVS-induced immortalization of T cells to interleukin-2-independent growth, and to induce cellular phosphorylation and signal transduction (20, 21) . Although these proteins have sequence and structural homology in their external domains, the length of the R1 cytoplasmic domain and the number of potential SH2 binding motifs contained in this domain differ markedly from those of K1, which has a short 38-amino-acid cytoplasmic tail and only two SH2 binding motifs, which constitute a single ITAM (18, 20) . One striking difference in the activities of these proteins is the sustained calcium mobilization induced in B cells by R1 versus K1. This prolonged activation event may be a result of the phosphorylation of multiple tyrosine residues in the R1 cytoplasmic tail as these residues are part of SH2 binding motifs that could possibly interact with a variety of cellular kinases.
Cellular receptors, upon ligand stimulation, are capable of undergoing oligomerization and of inducing cellular proliferation. LMP1 protein of EBV mimics an activated CD40 receptor by undergoing multimerization of its transmembrane domains in a ligand-independent manner, which results in the activation of the NF-B pathway leading to cellular proliferation (11, 12, 15, 24) . It remains to be determined whether signal induction via R1 and K1 results from stimulation by an exogenous ligand or self-multimerization. If there is no selfmultimerization, a ligand appears to be present, at least to some extent, on the surfaces of BJAB cells, in the culture supernatant, or in the serum. Regardless of the mechanism, both R1 and K1 appear to be able to activate B cells independent of the traditional BCR engagement.
